Abstract-Soiling can cause large reductions in solar energy system production. To study the spatial variability of soiling, transmission loss and mass accumulation of particulates on photovoltaic (PV) cover plates were measured at five sites across the continental United States. Three sites were in the Front Range of Colorado in rural, suburban, and urban areas representing a semi-arid environment. One site was in Cocoa Florida in a hot and humid environment, and the final site was in Albuquerque, New Mexico, in a hot and arid environment. Total suspended particulate concentrations (TSP) were measured simultaneously at each site. Comparisons between transmission loss and mass accumulation measurements are made. Both mass accumulation and ambient TSP are shown to have some predictive power for transmission loss. Mean deposition velocities of 1.5 cm/s were observed. For every g/m 2 of PM deposited on the PV cover plate, a 2.8% reduction in transmission was observed independent of site. These results provide a method for estimating soiling rates at sites across the United States.
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I. BACKGROUND AND MOTIVATION

S
OILING, or the natural accumulation of dust and other particulates on the surface of photovoltaic (PV) panels, can lead to large losses in power output from PV systems. Many previous studies on soiling have looked at the power losses caused by soiling in different locations. For example a study in Cambridge Massachusetts USA found an average power loss of 1% from soiling, and a maximum power loss of 4.2% after several months [1] . Another study in Saudi Arabia found power losses of more than 60% after six months [2] . These and many other studies represent a body of research that has examined the Manuscript received January 9, 2017; revised June 2, 2017; accepted July 13, 2017. Date of publication August 9, 2017; date of current version August 18, 2017. This work was supported in part by the U.S. Department of Energy SunShot Initiative, in part by Sandia National Laboratories, which is a multiprogram laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security Administration, under Contract DE-AC04-94AL85000, and in part by the National Science Recently, a few studies have directly investigated the spatial variability of soiling. In a study by Caron and Littmann [3] , solar panels and meteorological stations were installed at several locations in California that represented either rural agricultural areas or undisturbed desert. They found that location and season played a significant role in the losses incurred from soiling. A study by Mejia and Kleissl [4] investigated previously installed PV systems in California, and estimated soiling losses at each site. This study found significant variability between sites, but these differences were not statistically significant by region. A final study by Lombardo and collaborators examined haziness of windows (very similar to PV panels), at 23 sites in Europe. They found wide variability in soiling, but found that it was not well correlated with the surrounding environment except in extreme situations [5] . Currently, it is unclear how region and surrounding environment affect soiling of photovoltaic systems.
Previous studies have found that the dust mass accumulated on the panel surface (the amount of soiling) is very clearly related to the soiling losses [6] - [8] . Knowing that deposited mass is directly related to soiling losses, there are many studies that examine mass deposition with ambient particulates. Most previous work in this area has focused on understanding where and how PM leaves the atmosphere [9] and has not focused on soiling specifically. Previous research on deposition has indicated the airborne PM is related to the mass of deposited material bẏ
whereṁ accumulated is the mass flux of deposited particles (mass per area per time), v d is the deposition velocity, and PM is the mass concentration of PM in the ambient air [9] . Ambient studies have found deposition velocities ranging from less than 1 cm/s [10] , [11] , to 12 cm/s [12] , [13] depending on depositing particles' size, surface characteristics, and ambient meteorological conditions. In this study, we explore the links between airborne PM, PV cover plate soiling, and solar energy transmission reduction at five sites located around the continental United States. This expands previous results [8] , [14] on the link between mass accumulation and transmission loss to additional sites, and expands the deposition process knowledge with focus on solar energy losses especially with larger particles.
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II. METHODS
A. General Approach
Locations with diverse landscapes and climates were used to collect soiling data in this study. At each site, glass coupons similar to those used as cover plates for PV panels were exposed for two to four weeks. These glass coupon samples were collected continuously for one year, collecting a total of 179 samples. Mass accumulation and light transmission of these glass coupons were measured. Additionally, the mass concentration of airborne particulates was measured at each of the sites simultaneously with the exposure of the glass coupons. Measurements for PM andṁ accumulated in (1) were collected and v d was computed for each sample.
B. Measurement Locations
Five sites were used to collect data in this study. Three were in the area surrounding Denver, Colorado, one in Albuquerque, New Mexico, and one in Cocoa, Florida. The first site in Colorado was located on the roof of a one-story elementary school in Commerce City, Colorado, 10 km north-northeast of downtown Denver. This site was surrounded by mixed residential and industrial areas with several freeways passing within 5 km of the site. The second site in Colorado was at the base of the Boulder Atmospheric ObservatoryTower in Erie, Colorado, a rural area 20 km north of downtown Denver. This site was surrounded by open native grasslands and agricultural land, and access to the site was on an unpaved road. The third Colorado site was on the main campus of the National Renewable Energy Laboratory, 15 km west of downtown Denver in a mixed suburban and rural area. The site was surrounded by several buildings, paved roads and native grasslands. These three sites were all in a semi-arid environment. The site in New Mexico was in Albuquerque, at Sandia National Laboratories, on a gravel lot in a light industrial area. This was located on the site of a Department of Energy Regional Test Center (RTC), and was surrounded by paved roads, research buildings, suburban areas to the north and barren land to the south. This site was in a hot and arid environment. The final site was at the University of Central Florida, in a grassy field in a rural and industrial area of Cocoa at a second RTC. The surroundings were a combination of dense forest and industrial buildings. This site was in a hot and humid climate. Average climactic data for these sites is presented in Table I . The sampling locations in Table I vary slightly from the location of sampling locations used in this study, but represent very similar climatic conditions, and are at most 30 km apart. These five sites represent a diverse set of surrounding environments and weather patterns, and provide information about smaller scale differences in soiling in the Denver Metro area, and larger spatial variability of soiling across the United States.
After just under seven months of sampling at the Commerce City location the equipment had to be removed for a major upgrade of the roof that the sampling equipment was located on. This location was never re-established, and the last five months of data from that sampling location could not be collected.
C. PV Cover Plate Analysis
Mass accumulation and transmission measurements were taken using 5 cm by 6 cm by 0.32 cm Schott Borofloat 33 glass coupons available from Swift Glass (Elmira NY) exposed in acrylic frames. Two samples were exposed horizontally and one sample was exposed at angle of 40
• to the horizontal facing south. Field blanks were transported and simultaneously analyzed with the exposed coupons for all sample sets. All the samples were covered with a simple roof to prevent cleaning and contamination by precipitation. A picture of the set-up in Cocoa, Florida, is shown in Fig. 1 on the right side of the image. Before being exposed, the coupons were cleaned with soapy water, water, and isopropanol, and visually inspected for any residual contaminants. Before exposure, the samples were wrapped in clean aluminum foil. Nitrile gloves were always worn when handling plates, and care was taken to only touch the edges of the plates and not the exposed surface. Samples were typically exposed for two week periods at the Albuquerque, Cocoa, and Commerce City sites, and four weeks at the Golden and Erie sites. After exposure, the surface was covered with a second identical coupon, cleaned in the same manner, the edges were wrapped in Teflon tape, and the samples were rewrapped in aluminum foil. This method was shown to not significantly affect the mass of particles collected, and samples were kept in this configuration except when being weighed and having transmission measurements taken. This method is similar to one used by Qasem et al. [15] . Samples were shipped once a month from the Cocoa and Albuquerque field sites to the University of Colorado for weighing. Samples were stored for long term studies in a freezer at −20 ± 5
• C. 1) Mass Accumulation: The mass of the glass coupons was measured before and after exposure to find the mass accumulated on the coupons. Mass measurements were taken using a LabServe model BP210D microbalance with an accuracy of 0.01 mg. The microbalance was in a temperature and relative humidity controlled chamber, where the coupons were equilibrated for 24 h before weighing [16] . Each coupon was weighed twice and if those two masses differed by more than 0.03 mg, a third mass was taken. The average of the masses was used, and when a third mass measurement was taken, the two closest mass measurements were averaged to obtain the mass of the plate. Plates were weighed in the same groups of four plates in which they were exposed, and for each group two control plates were weighed in the same manner. The control plates remain in the environmentally controlled chamber for the duration of the experiment. Mass accumulation was calculated by
where m pre and m post are the masses before and after exposure, respectively. Unlike previous experiments, the change in masses of the control plates were below the uncertainty in the mass measurements, and showed no systematic changes or relationship over the course of the experiments and were not used to correct for mass accumulation [14] . The mass accumulation rate on the plates is calculated bẏ
whereṁ accumulated is the rate of mass accumulated on the plate, A plate is the area of the plate, and Δt is the length of time the plates were exposed. Finally, the mass accumulation density is calculated as
where ω is the accumulation density or the g/m 2 of mass accumulated on the plates.
2) Transmission: After the post mass measurements were completed, coupons were repackaged using the same method mentioned previously and shipped from Boulder, Colorado to Sandia National Laboratories in Albuquerque, New Mexico, for transmission measurements. Transmission measurements were collected with a Varian Cary 5000 UV/vis/NIR spectrophotometer, which collects transmission every nm from 300 to 820 nm and every 4 nm from 820 to 1800 nm. Transmission for individual wavelengths was examined as well as average transmission loss. Average transmission loss was calculated as
where Δτ is the average transmission loss for the sample, τ s is the transmission values at each wavelength for the sample, and τ b is the transmission value at each wavelength for the blank sample. These were summed over all the wavelengths to get Στ .
D. Airborne Particulate Matter Concentrations
Total suspended particulates (TSP) were sampled at the same locations as the deposition coupons were exposed for the same time period. TSP were used in this study as a single value to represent the particulates in the atmosphere that could deposit. TSP samples were collected using Hi-Vol TSP filter samplers, such as the Tisch environmental TE-5000. An example is shown on the left side Fig. 1 . These samplers were set to pull 1000 L/min of air through an 8 inch by 10 inch quartz fiber filter (Whatman Pittsburg, PA). The flow rate was calibrated at the beginning of the sampling campaign using a critical orifice plate. The quartz fiber filters were cleaned by baking at 500
• C for 12 h in clean aluminum foil packets. After baking, the filters were weighed on the same balance and in the same manner as the glass coupons. Two separate quartz filters were used as controls and kept in the weighing chamber at all times. Filters were always handled with cleaned metal tweezers when weighing and deploying the filters. After exposure, the filters were weighed in the same manner and the mass of the filter was calculated in the same way as the mass of the plate using (2). TSP concentration was calculated by
where TSP is the mass concentration (in μg/m 3 ) of particulate matter in the ambient air, m filter is the mass accumulated on the filter, andV is the volumetric flow rate of the TSP samplers, or 1000 L/min. Field blanks were collected bimonthly to establish the background level of contamination caused by sample preparation, transportation, and handling. At the end of the field campaign, no significant mass change was found in the field blanks and it was concluded that no changes were needed to be made in the data analysis. Deposition velocity was calculated by rearranging (1), using the data collected in this study:
where, v TSP is the deposition velocity using the rate of mass accumulated on the glass coupons and the TSP concentration. After six months of sampling, the TSP sampler at the Albuquerque site no longer gave reasonable values of airborne particle concentrations (regularly giving below 5 μg/m 3 of airborne particulates). This was most likely due to the pump no longer working as anticipated and a significantly reduced air flow being pulled through the filter. Data after this period were removed from the dataset and not used in analysis.
III. RESULTS AND DISCUSSION
A. Mass Accumulation
Mass accumulation results are summarized in Table II . Mass accumulation rates observed in this study covered a wide range, and were site dependent (p = 0.048 for horizontal samples, 0.032 for 40
• samples). However, the soiling rate at the three sites in the Front Range of Colorado (Commerce City, Erie, and Golden) shows no statistically significant difference (p = 0.66 for horizontal samples and p = 0.21 for 40
• samples). This indicates that soiling estimations may be accurate when done on a regional scale and that climactic and regional influences may dominate soiling, as opposed to local sources.
Mass accumulation rates were highest at the Commerce City and Erie sites, and lowest at the Albuquerque site. It would be expected that the highest mass accumulation would be at the arid sites (Albuquerque, Commerce City, Erie, and Golden), due to the prevalence of wind blown dust at these sites. High deposition at the Cocoa site was likely due to high relative humidity, increasing particle adhesion to the glass surface. Low deposition at the Albuquerque sites is likely due to low concentrations of ambient particulates (see Section III-B and Fig. 2 ) and dry weather (see Table I ).
At none of the sites was the mass accumulation on the horizontal and 40
• samples significantly different (p-values between 0.86 and 0.18). Many previous studies have found that higher tilt angles decrease the mass of accumulated PM, this was not observed in these results due to low sample numbers, and uncertainty in mass accumulation. Fig. 2 shows the relationship between TSP and mass accumulation for each site. Based on the deposition theory (1), these two parameters were expected to be correlated, with some spread for variable locations, wind speeds, temperatures, and humidities. Here, TSP concentrations were able to explain 28% of the variance in mass accumulation.
B. Deposition Velocity
Deposition velocity was calculated using (7). Results for deposition velocity are summarized in the right most columns of Table II , and box and whiskers plots of the deposition velocity values are shown in Fig. 3 . The average deposition velocity is 1.5 cm/s, with higher values observed at the Golden site and for horizontal samples at the Cocoa site. The deposition velocity for horizontal plates was found to be significantly different at the different sites (p = 0.011), however for the 40
• samples this same significant difference was not observed (p = 0.13). This indicates that local variables, such as particle size distribution and meteorology are playing important roles in the deposition of particulates. This differs from results of mass accumulation rate, that do not show regional variability. The data collected in this study indicate that local changes in particle concentrations and deposition velocity may offset each other to produce similar mass accumulation rates. Higher deposition velocity may be caused by a shift toward larger particles in the airborne particle size distribution, higher wind speeds, or different surface properties, specifically, high humidity helping particles stick.
The standard deviation of the deposition velocities at each site is near the value of the average deposition velocity. This large spread in the data, seen in Fig. 3 , indicates that this parameter requires additional investigation. Additionally, deposition velocity for field blanks is above zero as seen in Fig. 3 . This is most likely caused by the positive mass accumulation values that are seen for blank plates. While these values are important to note, they are substantially lower than the deposition velocity values observed for 0
• and 40
• exposed plates. These deposition velocity values are slightly smaller than values seen in a similar previous study [14] . This difference is most likely caused by using TSP, instead of PM 10 (only particles smaller than 10 μm in aerodynamic diameter) in calculating average deposition velocity. Here, TSP was used which includes more PM mass while in that previous study only PM 10 was used. TSP is a better metric in calculating total mass accumulation, because it is a measure of the total ambient particulates. Fig. 4 shows the wavelength dependence of transmission. There was a distinct pattern noted in the transmission data with undulations having peaks around 500 and 1700 nm, and a low around 900 nm. This pattern was seen in all of the transmission samples, including the blanks. The pattern in transmission with wavelength was most likely caused by the glass, which has a natural absorption spectrum. The relative transmission loss was stable over the spectrum examined here. Most samples have the largest relative transmission loss for the shortest wavelengths (375-400 nm) with losses approximately one percent higher than the more typical relative transmission loss for the sample.
C. Transmission
While some difference in transmission over the wavelength range tested here were noted, these changes are generally very consistent. For this reason, and for ease of analysis, an average over the range of 375-1800 nm is used as a single point for comparison of transmission loss. Previous studies have shown that transmission loss and power loss from PV panels are nearly identical [17] indicating that the transmission loss results from this study are likely equivalent to power loss from PV panels although this is not explored in this work.
Transmission measurements were compared with the mass accumulated on the glass coupon, and are shown in Fig. 5 . A linear fit through the data yields
or, for every g/m 2 of dust accumulated on the surface of a solar panel there is a 2.8% (±1.0%) reduction in the light transmitted through the surface. This relationship has an R 2 value of 0.36, indicating that in these experiments mass accumulation explained just over a third of the variation in transmission loss. Exploring this relationship for individual sites, we find that there is a statistically significant difference between the slopes of the linear fits between sites (p = 0.009 using ANOVA). The Commerce City site had the highest slope (4.5) relative to the other sites. When the Commerce City site was removed, the remaining four sites had statistically indistinguishable slopes (2.1, p = 0.93). This result is in comparison with other studies [6] - [8] that have found similar relationships across sites, including a study that used both the Erie and the Commerce City site examined here which found a value of 4.1 [8] .
It is important to note that (8) is based only on data between 0 and 2 g/m 2 . While the same relationship may extend beyond this range, it is not validated for use beyond 2 g/m 2 , and should be used with caution when estimating soiling of heavily loaded samples. Fig. 6 shows the comparison between transmission loss and the TSP exposure. The TSP exposure is the TSP concentration multiplied by the time that the glass coupon was exposed, so that the two axes represent equivalent time scale (total exposure time of the glass coupons). This plot shows large spread in the data, but a clear trend toward increasing transmission loss with increasing airborne particulate matter dose concentration. A simple linear regression yields Δτ = 0.004 × PM exposure + 0.29 (9) where PM exposure is the total particulate exposure in μg day/m 3 , or the average TSP concentration multiplied by the time exposed in days. Using (9) the TSP exposure was able to explain 18% of the variability in transmission loss. One possible concern with this relationship is the variability in the TSP sampler performance. When using only the first six months of data (immediately following calibration of the TSP samplers), the TSP exposure is able to explain 45% of the variability in transmission loss. Over time it is expected that these samplers may drift and that the variability in TSP concentration may increase significantly as a result of increased uncertainty in the volumetric flow rate.
D. Temporal Analysis
The results of mass accumulation rate, and TSP concentration, were examined over the year that data were collected. Time series for mass accumulation rate and TSP concentration are shown in Fig. 7 . Transmission loss was not examined because this is dependent on the amount of time that the samples were exposed and differences between exposure times can cause large differences in transmission loss that are not indicative of seasonal variability.
The Colorado sites, and the New Mexico site all showed the lowest mass accumulation rates in the winter, and higher mass accumulation rates in the other seasons. However, the ambient TSP concentration did not follow this same pattern, and seemed uncorrelated with time across these sites. It is noted that there are many missing data points due to filters being ripped, or sampling being unreliable at the Sandia site that make analysis of TSP concentrations with time more difficult. At the Florida site, the highest mass accumulation rates were seen in the spring, which was also when the highest TSP concentrations were observed. Seasonality may be a driving factor for soiling loss, and such results are seen in this work. However, more work on this is needed to identify if the main factors are changes in ambient PM concentrations, weather, or other factors.
E. Uncertainty Analysis
Total uncertainty in mass accumulation rate and transmission were found by examining the i-error when plotting coexposed samples. These samples included the two simultaneously exposed horizontal samples at all of the sites, and the coexposed 40
• samples at the Commerce City site. A total of 289 comparisons were used for the error in mass accumulation rate, and 344 comparisons were used for the error in transmission. A y-error of 0.003 g/m 2 /day was found for the mass accumulation rate and a y-error of 0.34% was found for transmission. For mass accumulation rate this is between 10% and 38% of the average mass accumulation rate at the sites and between 50% and more than 100% for the average blank samples at the five sites. The uncertainty in mass accumulation rate accounts for almost all, or all, depending on the site, of the variability in the blank samples. Finding the uncertainty in TSP concentration was less straightforward because no duplicate samples were collected due to resource constraints. Instead uncertainties in the mass of the filters, flow rate, and time exposed were found or estimated, and combined to find a total uncertainty in TSP concentration. To find the uncertainty in the mass of the TSP filters, the two control filters were analyzed. Both TSP control filters that were weighed with each sample used in this analysis had a standard error of 0.0012 g, and this is taken as the uncertainty in the mass of the TSP filters. The uncertainty in volume was taken as the uncertainty in calibration, 2% of the measurement based on instrument accuracy, or 20 L/min here, and the estimated drift. Limited data on drift and meteorological variability were collected. Based on that limited data, we conservatively estimated 120 L/min of drift and meteorological variability over the sample period. Combining these gives a 122 L/min uncertainty in the flow rate of air through the TSP filter. Finally, the time is recorded to the minute when the collection is started and stopped, giving a maximum uncertainty of 2 min, which was used in further analysis. Using error propogation techniques, and the expected flow rate of 1000 L/min, and mean values for sample exposure time, a total uncertainty in the TSP concentration of 2.1 μg/m 3 was found. A couple of TSP values at the Golden site were below this uncertainty; however, most TSP samples were above 5 μg/m 3 , with the highest values being near 50 μg/m 3 . The uncertainty represents between 4% and 40% of the measurement for the majority of the TSP concentrations.
Combining uncertainties in mass accumulation rate and TSP, we can use error propagation to calculate the uncertainty in deposition velocity. Again using average values for TSP concentration and mass accumulation rate, an uncertainty of 0.20 cm/s in deposition velocity was found. This is around 20% of the average deposition velocity that was found in this study.
IV. CONCLUSION
Using airborne PM concentrations to predict soiling losses is a novel method, and shows promise in accounting for spatial and temporal variability. Here, we find the TSP concentration was related both to mass accumulated and to transmission loss, and that mass accumulation and transmission loss were strongly correlated. Better agreement was seen between TSP exposure and transmission loss than TSP concentration and mass accumulation rate, initially, but that degraded over time. Degradation over time was most likely due to flow rate instability in the TSP samplers. These results likely indicate that longer time averaging will increase the accuracy of soiling estimates. Estimating soiling losses is important on a month to year time scale when small losses over time add up to significant energy loss. On shorter time scales solar energy output is dominated by the solar resource, which can be highly variable especially with clouds. Soiling estimates improve with time, giving more confidence in the relationships presented here of soiling losses, since these relationships would primarily be implemented over longer time scales.
Unlike previous studies that have examined soiling rates at individual locations, the results presented here have been shown to be more broadly applicable. Samples were collected at three very different locations across the United States and collected for 12 months. Regional variability was shown to be important as was large geographic scale variability. These methods can help provide more accurate estimates of soiling both geographically and temporally, but require knowledge of local airborne particulate matter concentrations.
